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Abstract 
Carbonation of concrete can lead to corrosion of reinforcing bars. By this reason its prediction 
is very important, in particular for durability design, e.g. determining the minimum thickness of the 
concrete cover. Although carbonation of concrete in reinforced concrete (RC) structures is influenced 
by applied loading, limited research has been carried out in this area, especially for ‘green/low carbon’ 
concretes, i.e. mixes containing supplementary cementitious materials such as fly ash (FA) and 
ground granulated blast-furnace slag (GGBS). This paper reports the influence of structural loading 
on carbonation of three types of concrete: Portland cement (PC), PC with 30% of FA and PC with 
50% of GGBS, with two water/ binder (w/b) ratios (0.40 and 0.55). Test specimens made with these 
concretes, i.e. 100-mm cubes (unloaded) and RC beams (loaded), were subject to accelerated 
carbonation (CO2 content of 4%) for a duration of up to 240 days. Results of the tests are presented 
in this paper along with their analysis, in particular, the evaluation of the carbonation coefficients. 
The results clearly show a significant influence of loading on carbonation rate. Based on the test 
results, the estimated effects of loading on carbonation after 50 and 100 years exposure have been 
calculated. These estimates indicate that the current durability requirements in the Eurocodes may 
not be adequate for preventing the initiation of carbonation-induced corrosion in tensile zones of RC 
elements during their design working life. 
Keywords: accelerated carbonation; fly ash (FA); granulated blast-furnace slag (GGBS); load-
induced cracks; carbonation rate; carbonation depth prediction. 
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To reduce the anthropogenic emissions of greenhouse gases — most notably carbon dioxide 
(CO2) — associated with the concrete industry, Portland cement (PC) is often replaced with 
supplementary cementitious materials, mostly industrial by-products such as fly ash (FA), blast 
furnace slag (GGBS) and silica fume [1]. Concretes containing such materials are often referred to as 
‘green’ concretes [2]. 
Concrete also reabsorbs CO2 during its service life that partially offsets the emissions associated 
with its production (e.g. [3]). This occurs due to carbonation, a natural process in which CO2 reacts 
with the alkaline cement hydration products, in particular with calcium hydroxide, Ca(OH)2, that 
reduces the pore fluid alkalinity of concrete. Thus, when the carbonation front reaches reinforcing 
steel embedded in concrete, it can remove the passivity of carbon steel and lead to its corrosion and 
subsequent damage to the reinforced concrete (RC) element [4]. The propagation of corrosion in RC 
elements and damage caused by it are mainly of interest for the assessment of existing RC structures, 
their maintenance planning and life-cycle analysis (e.g. [5-8]). Durability design is based on 
prevention, or more exactly reducing the risk, of premature corrosion initiation and requires a 
minimum concrete cover to be specified in combination with concrete grade and maximum water/ 
binder (w/b) ratio (e.g. [9]). To determine the durability specifications for RC structures exposed to 
carbonation, the resistance of concrete to the latter needs to be known. 
The carbonation resistance of different concrete mixes has been extensively studied (e.g. [10-
29]). In particular, based on systematic analysis of data from 213 and 227 studies for FA [26] and 
GGBS concretes [27], respectively, it was concluded that the carbonation rates of both FA and GGBS 
concretes are higher than of PC concretes with the same water/ binder (w/b) ratio (although this may 
not be the case for equal strength mixes). However, in the context of the durability requirements from 
all concretes containing FA or GGBS, only CEM IV/B concrete, which has a high percentage of FA 
(36% to 55%), is treated differently from PC concretes when the prevention of carbonation-induced 
corrosion is of concern [9]. 
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All above mentioned studies have dealt with carbonation of unloaded concrete, i.e. concrete 
elements which are not subject to structural loading and, subsequently, load-imposed stresses. 
However, RC elements in real structures are under loading but only a few studies have investigated 
carbonation of concrete in a stressed state [30-34]. These studies indicated a significant influence of 
stresses, especially tensile stresses, on the rate of carbonation. Tensile stresses in concrete also lead 
to cracking and its effects on carbonation have been reported in [35-36]. In particular, accelerated 
tests (with a CO2 concentration of 50%) showed that CO2 penetration along a crack path depended 
on the crack width – CO2 diffused freely through cracks of width of 60μm or wider, while there was 
no carbonation penetration perpendicular to the crack wall for crack widths of 9μm or smaller [35]. 
Recently, Dang et al. [36] reported the initiation and propagation of corrosion in mortar specimens 
pre-cracked by mechanical loading (crack widths ranged from 27μm to 395μm) and carbonated in 
accelerated conditions (CO2 50%) for 15-23 weeks. It was observed that initiation and propagation 
of corrosion was accelerated by load-induced cover cracking. 
Even fewer studies have addressed the influence of loading and cracking on carbonation of 
‘green’ concretes [33, 34]. Wang et al. [33] conducted tests to examine the effects of compressive 
and tensile stresses and high exposure temperature on the carbonation resistance of PC and FA 
concretes. The test results showed that the carbonation resistance of both types of concrete decreased 
with an increase in the tensile stress level. As compressive stress was raised, the carbonation 
resistance initially increased (for stresses up to about 30% of the concrete compressive strength, fc’) 
and then started to decrease; it became equal the carbonation resistance of unloaded concrete at the 
stress level of about 0.5 fc’ before dropping below it. In Wang et al. [34], the authors presented results 
of the first stage of an experimental investigation into the influence of loading and associated concrete 
cracking on carbonation of RC elements made of PC and ‘green’ concretes containing FA and GGBS. 
In these tests, six concrete mixes with two w/b ratios (0.40 and 0.55) and different proportions of PC, 
FA and GGBS were prepared. The mixes were used to cast 24 RC beams (100×120×900mm) and a 
number of 100-mm concrete cubes. The RC beam specimens were loaded in four-point bending to 
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produce cracks of two nominal widths – 0.1 mm and 0.3 mm. After that, both RC beam specimens 
(loaded) and concrete cubes (unloaded) were placed into a carbonation chamber. The carbonation 
depths measured in the concrete cubes and twelve RC beams after 120 days of accelerated carbonation 
(4% CO2 concentration) were reported. 
The present paper reports results of the second stage of the experiment, in which the carbonation 
depths were measured in the remaining concrete cubes and twelve RC beams after 240 days of 
accelerated carbonation. A brief description of the experimental setup is also provided. After that, 
results of the whole experiment are summarised and the carbonation coefficients for the unloaded and 
loaded (in tension) concretes are evaluated. The results clearly show a major influence of loading on 
the carbonation rates of the concretes, especially of the ‘green’ concretes. Based on the test results, 
the carbonation depths in RC structures made of similar concretes after 50 and 100 years in service 
under natural conditions are estimated. These estimates indicate that the current durability 
requirements in the Eurocodes [9] are inadequate for preventing the initiation of carbonation-induced 
corrosion in tensile zones of RC elements made of the ‘green’ concretes during their design working 
life, especially in the light of a continuous increase of the CO2 atmospheric concentration. 
2. Experimental Programme 
This section provides a brief description of the experimental program. More detailed information 
about it can be found in Wang et al. [34].  
Six concrete mixes including PC (i.e. Portland cement) (CEM I52.5 N), FA (i.e. fly ash) (30%) 
and GGBS (i.e. ground granulated blast-furnace slag) (50%) with two w/b ratios – 0.40 and 0.55, 
were used in the experiments. From each of these mixes, a number of 100-mm concrete cubes and 
four RC beams with a rectangular cross section of 100×120 mm and length 900 mm (see Fig.1a) were 
made. After curing, all specimens (i.e. both beams and cubes) intended for accelerated carbonation 
were kept for about three months. Then, the beam specimens were statically loaded in four-point 
bending. The level of the applied load was controlled to ensure that the maximum width of cracks in 
the tensile zone of the beams due to bending was either nominal 0.1 mm or 0.3 mm. After the beams 
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had been loaded and cracked, they were placed in pairs and the actual dimensions of the beams and 
cracks in each beam were measured and recorded, see Table 1 (only for the beams that were kept in 
the carbonation chamber for 240 days, for the rest of the beams see [34]).  
The cubes and the beam pairs were kept in the carbonation chamber for 120 days (stage one, see 
[34]) and 240 days (stage two, see Fig.1b). Then, they had been removed from the carbonation chamber 
and were cut into two halves longitudinally. The split/sawed surfaces were sprayed with a 
phenolphthalein solution and carbonation depths were then measured at 10 mm intervals. 
3. Test Results and Discussion 
3.1 Cracks in RC beam specimens 
The types of cracks observed in the beam specimens from stage two are similar to those in beam 
specimens from stage one [34], i.e. 1) flexural cracks in the tensile zone; (2) shear cracks in the zones 
with shear stresses (i.e. zones within the loaded part of the beams outside the 200-mm central part); 
and (3) hairline drying shrinkage cracks at the top of the beams (i.e. near the casting surface). For 
each beam specimen subjected to 240-day accelerated carbonation (stage two), the maximum crack 
width at the bottom of the specimen before it was placed in the carbonation chamber is given in Table 
1. It is important to note that loads in the beam specimen pairs were not checked and controlled while 
the specimens were in the carbonation chamber. Hence, the loads acting on the beam specimens 
decreased over the duration of the test due to creep and cracks could partially or fully close over that 
time. This also means that the initial differences in internal stresses between the beam specimens with 
nominal 0.1mm and 0.3mm crack widths also mainly disappeared with time. Further information on 
the crack patterns in the beam specimens can be found in [34]. 
3.2 Comparison of carbonation depths in unloaded concrete cubes and loaded beam specimens 
The carbonation depths in unloaded concrete cubes are summarised in Table 2. The depths are 
averages of the measurements made in two parts of a split cube. It can be seen from Table 2 that the 
040PC cubes were practically uncarbonated, while the 055FA ones were nearly fully carbonated. 
The average carbonation depths within the pure bending zone of the beam specimens have been 
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calculated by excluding the influence of visible cracks, i.e. the carbonation depths measured within 
the vicinity of visible cracks have not been taken into account in these calculations, and are also 
shown in Table 2. The average depths given in Table 2 are averaged over two halves of each beam. 
The values of the maximum carbonation depths at the top and bottom of the beam specimens along 
their whole lengths are also presented. The 055FA beams were fully carbonated so that the values of 
the carbonation propagation, which can be expected in this loaded concrete over 240 days, cannot be 
accurately determined. It can only be stated that the carbonation depth should be equal or greater than 
half of the dimension of the beam depth, i.e. 60 mm. Parts of the 040FA and 055GGBS beams were 
also fully carbonated that did not allow to provide specific values of the maximum carbonation depth 
for these beams. 
For three concrete types with the same w/b ratio, i.e. PC, FA or GGBS, due to the different CO2 
binding capacity and porosity (or, more exactly, interconnected porosity) (e.g. [17]), the carbonation 
depths in unloaded concrete cubes are quite different. For concrete cubes with 0.40 w/b ratio, the 
040PC concrete demonstrated the highest carbonation resistance although its porosity was slightly 
higher than that of the 040GGBS concrete (see Table 3), while the 040FA concrete had the highest 
porosity and the lowest carbonation resistance (the average carbonation depth in its cubes was 
25.9mm) . For concrete cubes with 0.55 w/b ratio, the 055FA concrete had the highest porosity (see 
Table 3) and the cubes made of it were nearly totally carbonated after 240-day accelerated carbonation, 
see Table 2. 
Now, the carbonation depths in the unloaded cubes and the loaded beams specimens are 
compared to examine the influence of loading on the carbonation depth and resistance. The top part 
of the loaded beams was in compression, while their bottom part – in tension.  
There is no conclusive evidence regarding the influence of compressive stresses. Only for the 
055PC concrete, the average carbonation depth at the top of the beams was smaller than that in the 
cube (i.e. the average values 21.8 mm and 19.6 mm in the beams vs. the average value 28.4 mm in 
the cube, see Table 2); for the FA concretes, they were slightly larger (31.3 mm vs. 25.2 mm for 
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040FA and ≥50 mm vs. 47.4 mm for 055FA); while for the GGBS concretes, they were significantly 
larger (20.1 mm, 19.5 mm and 19.8 mm vs. 10.3 mm for 040GGBS, and 39.6 mm and 47.5 mm vs. 
23.0 mm for 055GGBS). It was observed in [33] that for PC and FA concretes an increase in 
compressive stresses initially led to an increase in the carbonation resistance (for stresses up to about 
0.5 of the compressive concrete strength fc’) and then the latter started to decrease due to damage 
caused by the stresses to the concrete microstructure. It is worth to mention that the CO2 concentration 
in those tests was 20±3% and the carbonation duration 7 and 14 days [33]. In the present tests, the 
effect of compressive stresses on the carbonation resistance depended mainly on the concrete 
composition rather than on the stress level since in all beam specimens the level of compressive 
stresses over the duration of the test was approximately the same and lower than 0.5 fc’. In the 055PC 
concrete, similar to the results in [33], compressive stresses led to an increase in the carbonation 
resistance. In the FA concretes, compressive stresses led to a slight decrease of the carbonation 
resistance; this result is not completely different from those [33], in which the decrease in the 
carbonation resistance of concrete with 30% FA occurred faster than that of PC concrete after the 
stress level exceeded 0.3 fc’. The most significant negative effect of compressive stresses on the 
carbonation resistance was observed for the GGBS concretes (such concretes were not tested in [33]). 
This can be attributed to damage to the concrete microstructure, more exactly, to blocking between 
the concrete pores and, subsequently, an increase in the interconnected porosity. Further evidence 
supporting this hypothesis will be discussed later. In terms of the carbonation resistance under 
compressive stresses, the concretes tested in this study are ranked in the following order (from lowest 
to highest): 055FA, 055GGBS, 040FA, 055PC, 040GGBS and 040PC. 
Negative influence of tensile stresses on the carbonation resistance (i.e. its decrease) has been 
demonstrated by all concretes that were tested, except of 040PC (for this concrete practically no signs 
of carbonation, both in the cube and the beams, were observed). The average carbonation depths at 
the bottom of the beams were significantly larger than those at the bottom of the cubes made from 
the same type of concrete (see Table 2). This is in agreement with previously reported experimental 
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results [30-34]. Regarding the influence of the initial level of applied load, i.e. comparing the average 
carbonation depths at the bottom of the beam specimens with 0.1mm and 0.3mm nominal initially-
induced flexural cracks, it can be seen that for all concrete types for which relevant data are available 
(055PC, 040GGBS and 055GGBS), the depths in the specimens with the 0.3mm nominal cracks are 
slightly larger. Since the level of load applied to all beams (i.e. with both initial crack widths) during 
the 240-day accelerated carbonation was more or less the same, this difference can be explained by 
damage introduced to the concrete microstructure of the beams when they first loaded to produce the 
cracks. The initial damage was obviously larger in the beams with 0.3mm nominal wide cracks. The 
most significant increase in the average carbonation depths compared to the unloaded cubes occurred 
in the GGBS concretes. This is another indication that the damage led to an increase in the 
interconnected porosity of the concretes, especially of the GGBS concretes. Based on the average 
bottom carbonation depths in the beam specimens (see Table 2), the concretes can be ranked in the 
following order in terms of their carbonation resistance under tensile stresses (from lowest to highest): 
055FA, 055GGBS, 040FA, 055PC, 040GGBS and 040PC, which is exactly the same as under 
compressive stresses. 
3.3 Comparison of carbonation profiles of typical loaded beams with different concrete types 
and w/b ratios  
For loaded beam specimens with the w/b ratio of 0.40, there is no carbonation in beams 040PC. 
Comparison of carbonation profiles of typical loaded beams made of 040FA and 040GGBS is shown 
in Fig.2. It can be seen from Fig.2a that in the cross-section with inclined shear cracks the concrete 
was totally carbonated. In the beam zone with vertical cracks, comparatively deeper carbonation 
depth is observed at or nearby crack locations as well as the stirrups locations (see Fig.2). For loaded 
beam specimens with the w/b ratio of 0.55, comparison of carbonation profiles of typical loaded 
beams made of 055PC, 055FA and 055GGBS is shown in Fig.3. Among the three types of concrete, 
the 055PC beam demonstrated the lowest carbonation depth, while the 055FA beam was totally 
carbonated (see Fig.3b) and most part of the 055GGBS beam was carbonated through the whole beam 
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height (see Fig.3c).  
For the same concrete type with different w/b ratios, deeper carbonation depth was always 
observed in concrete with lager w/b ratio (see Table 2 and Figs.2-3) showing that the increase in the 
w/b ratio resulted in lager concrete porosity and decreased concrete resistance to carbonation.  
The results for the FA concretes demonstrating their lower carbonation resistance compared to 
that of PC and GGBS concretes are similar to most of the previous studies [26, 27]. Regarding the 
GGBS and PC concretes, it is often suggested that the carbonation resistance of GGBS concretes is 
lower than that of PC concrete with a similar w/b ratio, especially when the GGBS content is greater 
than 20% [27]. For the loaded beams, the carbonation resistance of GGBS concretes is lower than 
that of PC concrete, as shown in Figs.2-3; while for the unloaded cubes with the w/b ratio of 0.55, 
due to the higher porosity of the 055PC concrete compared to that of 055GGBS (see Table 3), larger 
carbonation depth is observed in 055PC, see Table 2.  
3.4 Comparison of results after 120 and 240 days of accelerated carbonation 
First of all, it is important to note that the rankings of the carbonation resistance of the unloaded 
and loaded concretes based on the accelerated test results after 120 days (stage one) [34] and 240 
days (stage two) are exactly the same. Since different specimens, although made of the same concretes, 
were tested at the stages one and two, this provides evidence of the consistency of the test results. 
In more detail, regarding the effect of compressive stresses on the carbonation resistance, there 
are some differences between the stage one and stage two results. At the stage one, the average 
carbonation depths at the top of the beams were smaller than those in the corresponding cubes for the 
following concretes: 055PC, 040FA, 055FA and 040GGBS, and only larger for 055GGBS (no 
carbonation in 040PC) [34]. At the first glance, these results look significantly different from the stage 
two results, in which the smaller average carbonation depth was observed only at the top of the 055PC 
beam (see Table 2 and discussion in Section 3.2). However, a closer consideration of the results shows 
that, for the 040FA and 055FA concretes, the differences between the average carbonation depths at 
the top of the beams and the cubes were small at both stages – at the stage one they were slightly 
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smaller in the beams; while at the stage two – in the cubes. This could occur, for example, due to 
constant reduction of the magnitude of compressive stresses in the beam specimens over time. For 
the 040GGBS concrete, only one beam specimen (040GGBS03) was tested at the stage one and the 
difference between the average carbonation depths at the top of the beam and the cube was very small 
– 10.6 mm in the beam vs. 11.6 mm in the cube (see Table 1A in Appendix A). At the stage two, three 
beam specimens of the 040GGBS concrete were tested; thus, the result that compressive stresses in 
this concrete led to an increase in the average carbonation depth was much more reliable. Moreover, 
the argument about the reduction of compressive stresses over time made for the 040FA and 055FA 
concretes is also relevant for this case. Noticeable differences between the average carbonation depths 
at the top of the beams and the cubes were observed at both stages only for the 055PC and 055GGBS 
concretes and these results are consistent – for 055PC the depths in the beams were smaller, while for 
055GGBS – larger. 
Results related to the influence of tensile stresses on the carbonation resistance are fully 
consistent between the two stages. For all concretes (except of 040PC, for which no carbonation was 
observed) at both stages, tensile stresses led to a decrease in the carbonation resistance, i.e. larger 
average carbonation depths at the bottom of the beam specimens compared to those in the cubes. The 
effect of the level of initially applied loading on the carbonation resistance (i.e. beam specimens with 
0.1mm nominal initially-induced cracks vs. those with 0.3mm nominal cracks) is inconclusive for the 
stage one results. For two concretes – 040FA and 055GGBS, the average carbonation depths at the 
bottom of the beam specimens with 0.3mm nominal wide cracks were larger than those in the beams 
with 0.1mm nominal wide cracks; for the 055PC and 055FA concretes the opposite was observed; no 
relevant data were available for the 040PC (no carbonation) and 040GGBS (only one beam specimen 
was tested) concretes [34]. Since at the stage two, the average carbonation depths in the beam 
specimens with 0.1mm and 0.3mm nominal wide cracks made of the same concrete do not differ 
significantly, in the following analysis the data for the beam specimens from the same concrete but 
with different nominal crack widths will be combined and represented by a single average value for 
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each stage, i.e. one value of the average carbonation depth after 120 days and another value after 240 
days for all beam specimens from the same concrete.  
The average carbonation depths after 120 and 240 days at the bottom of the unloaded cubes and 
the loaded beam specimens are shown by markers in Figs.4a and 4b, respectively. The propagation 
of the carbonation front into concrete is usually modelled by Fick’s first law of diffusion so that the 
carbonation depth is directly proportional to the square root of the time of carbonation exposure (e.g. 
[37]). This also means that the carbonation rate decreases over time. The resulting carbonation depths 
(markers in Fig.4) mainly follow this pattern. One noticeable exception is the results for the 040GGBS 
cubes (i.e. unloaded) – see Fig.4a, where the average carbonation depth after 240 days is smaller than 
that after 120 days. It is important to note that these results are based on the carbonation depth 
measurements in just two cubes for each of the concretes – one after 120 days and the other one after 
240 days. Thus, the most probable causes of these inconsistencies are some differences in the cubes’ 
compaction, curing, exposure, etc. The results for the loaded concretes (Fig.4b) are more consistent 
that is not surprising since almost every point shown in the figure is based on the carbonation depth 
measurements in at least two beam specimens. 
4. Carbonation Predictions Based on Test Results  
As noted previously, the most common simple model for predicting the carbonation depth, xc, in 
concrete at time t can be expressed as (e.g. [17, 21, 38]) 
𝑥𝑥𝑐𝑐(𝑡𝑡) = 𝐴𝐴√𝑡𝑡  (1) 
where A is the carbonation coefficient, 𝑡𝑡 time (years) and 𝑥𝑥𝑐𝑐(𝑡𝑡) the carbonation depth (mm). Using 
the values of the carbonation depths from the accelerated tests (i.e. the points shown by markers in 
Fig.4) values of A for all tested concretes (except of 040PC, which did not experience any noticeable 
carbonation) in unloaded and loaded (tension) states have been estimated by linear regression analysis 
based on a liner relationship between xc  and √𝑡𝑡. These values of A are presented in Table 4, while 
the corresponding predictions of the carbonation depth using Eq. (1) are shown by lines in Fig.4. It is 
worth to note that in all cases, except of two, the values of the coefficient of determination R2 in the 
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linear regression analyses were greater than 0.9. These two exceptions – unloaded 055FA and 
040GGBS concretes, were discussed in the previous section; for them the R2-values were 0.87 and 
0.73, respectively. 
Table 4 also presents the ratio between the values of A for loaded and unloaded concretes of the 
same type, 𝐴𝐴𝑙𝑙 𝐴𝐴𝑢𝑢⁄ . As can be seen, the largest ratios, i.e. the largest increases in the carbonation rate 
due tensile stresses, are for the GGBS concretes. The ratios for the FA concretes are similar to that 
for the 055PC concrete; however, the carbonation coefficients for the FA concretes are higher than 
those for 055PC, especially for 055FA. A more than two times increase in the carbonation coefficient 
for the GGBS concretes after they were submitted to tensile stresses can be explained by damage to 
the concrete microstructure, which led to a major increase in the interconnected porosity of the 
concretes. In other words, before loading was applied, a large proportion of pores in the concretes 
had been blocked but damage caused by the loading significantly increased the pore connectivity. Of 
course, this hypothesis needs further experimental checking but the tests performed in the present 
study provided indirect evidence in its support as was previously discussed in the paper. 
Values of the carbonation coefficient based on accelerated carbonation tests can be used to 




√𝑡𝑡  (2) 
where Cct and Ccr  are the CO2 concentrations in the test and the atmosphere, respectively. Of course, 
other ambient parameters such as temperature and RH may differ from those in the test that will also 
affect the carbonation process in real RC structures and can be taken into account as well. However, 
in order to keep the following discussion as simple as possible only the influence of the most 
important parameter for concrete carbonation, namely the CO2 concentration (e.g. [39]), is considered 
herein.  
The CO2 concentration in the tests used to obtain the values of A in Table 4 was 4%, the current 
atmospheric CO2 concentration is about 407 ppm [40], hence, �𝐶𝐶𝑐𝑐𝑟𝑟 𝐶𝐶𝑐𝑐𝑡𝑡⁄ ≅ 0.10. The design working 
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life of structures is typically 50 or 100 years [41]. The carbonation depths in real RC structures made 
from the concretes tested in this study are then calculated for 50 and 100 years and the results are 
presented in Tables 5 and 6, respectively. The tables also show the minimum requirements regarding 
the concrete cover for RC structures exposed to carbonation (i.e. exposure classes XC); the minimum 
thicknesses of the concrete cover include an allowance in design for deviation, Δ𝑐𝑐dev, which is taken 
equal to 10 mm. As can be seen, the carbonation depths in the 040FA, 055FA and 055GGBS concretes 
under loading (i.e. subject to tensile stresses) after both 50 and 100 years exceed the corresponding 
required thicknesses of the concrete cover. This means that the current Eurocode durability 
requirements for RC structures made from concretes with FA and GGBS may be inadequate for 
preventing carbonation-induced corrosion.  
The carbonation depths in Tables 5 and 6 have been calculated based on the average atmospheric 
concentration of CO2, while there is evidence that in urban or industrial areas this concentration can 
be significantly higher (e.g. [42]). Based on available data, it was suggested that the CO2 
concentration in urban areas was expected to be 1.15 times higher than its average value [43]. Thus, 
it is expected that in urban areas the carbonations depths are about 7% larger than the values in Tables 
5 and 6. Moreover, due to human activities, the CO2 atmospheric concentration constantly increases 
over time, with a current rate of about 2 ppm per year [42]. According to the IPCC, the CO2 
atmospheric concentration in 2100 will be between 540 ppm and 970 ppm depending on an emissions 
scenario [44]. For example, assuming that the average CO2 atmospheric concentration in the next 100 
years is 500 ppm, then the carbonation depths in the concretes in an urban environment over this 
period of time will increase by 20% compared to the values in Table 6. This means that these depths 
will exceed the required thicknesses in the 040FA, 055FA and 055GGBS concretes for all considered 
exposure classes and in the 055PC for the exposure classes XC2/XC3; moreover, in the 055FA it will 
occur in both loaded and unloaded states. 
It is worth to note that the above estimations of the long-term carbonation propagation are an 
approximation. Eq. (2) used for this purpose does not account for the actual environmental conditions 
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(e.g. temperature, relative humidity), which may have a noticeable effect on the carbonation 
propagation in a particular RC structure. Moreover, it does not take into account the influences of 
long-term chemical processes in concrete except of the carbonation itself. Currently, there is not 
enough data to consider these influences in a sufficiently accurate and reliable way, especially for the 
“green” concretes subject to load-induced stresses. Thus, to obtain more accurate predictions of the 
long-term carbonation propagation, more information needs to be collected on the carbonation 
performance of various concretes in real RC structures over a sufficiently long period of time (i.e. 
dozens of years). However, before such information will become available in the future the durability 
design of RC structures still needs to be carried out. For that reason, accelerated carbonation tests in 
combination with simple models, like the one used in this study, are usually employed at present to 
predict the carbonation performance of various concretes.  
5. Conclusions 
Accelerated carbonation in unloaded and loaded concrete specimens made from PC, FA and 
GGBS concretes with two w/b ratios – 0.40 and 0.55, was experimentally studied. Results of the tests 
demonstrated that the concrete composition, i.e. w/b ratio and content of FA and GGBS, had a major 
influence on the carbonation resistance of the concretes. As expected, concretes of the same type with 
the larger w/b ratio of 0.55 had a lower carbonation resistance than those with the w/b ratio of 0.40. 
In both unloaded and loaded states, the 040PC concrete had the highest carbonation resistance and 
the 055FA concrete – the lowest. The results also showed a major influence of loading, especially 
tensile stresses, on the carbonation resistance of the concretes. This resistance significantly decreased 
in bottom parts of the tested beam specimens that were in tension. The largest decrease was observed 
in the specimens made from the GGBS concretes. This decrease can be explained by an increase in 
the interconnected porosity of the concretes due to damage caused by applied loading. The tests also 
demonstrated the effect of visible load-induced cracks, both flexural and shear, on concrete 
carbonation. 
Using the test data and the most common model of concrete carbonation based on Fick’s first 
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law of diffusion, the carbonation depths in real RC elements made of concretes similar to those in the 
tests were estimated for typical design working lives of 50 and 100 years. It was observed that these 
carbonation depths in loaded specimens made of the 040FA, 055FA and 055GGBS concretes 
exceeded the minimum thicknesses of the concrete cover currently required by the Eurocode 2. This 
indicates that the current durability requirements in the Eurocodes [9] may be inadequate for 
preventing carbonation-induced corrosion in RC elements made from ‘green’ concretes, which 
contain FA and GGBS. This is further aggravated by the fact that the CO2 atmospheric concentration 
constantly increases due to human activities. 
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Appendix A  




Average carbonation depth* 
(mm) 
Maximum carbonation depth 
(mm) 
Top Ave. Bottom Ave. Top Bottom 
040PC 
Cube  0 0 - - 
Beams 
040PC01 0 0 0 0 
040PC03 3.5 6.3 17.2 17.8 
055PC 







055PC03 14.3 16.9 24.7 38.9 
040FA 







040FA03 17.9 24.4 30.6 52.0 
040FA03(2) 13.5 19.6 20.6 63.6 
055FA 







055FA03 16.1 38.8 28.7 65.7 
040GGBS 
Cube  11.6 10.6 - - 
Beam 040GGBS03 10.6 15.1 24.6 42.9 
055GGBS 







055GGBS03 19.0 29.8 23.7 86.0 






Appendix B  
 
(a) 040PC01 (2) 
 
(b) 040PC03 (2) 
 















Fig. 1B Carbonation profiles of loaded beams of 040PC01(2), 040PC03(2), 055PC01(2), 055FA01(2), 
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(a) Sketch of RC beam specimen [34]. 
 
 
(b) Cubes and the beam pairs kept in carbonation chamber for 240 days. 










Fig.2 Comparison of carbonation profiles of typical loaded beams of 040FA and 040GGBS. Note: 
The measured carbonation profiles and visible crack are indicated by black lines and red lines, 
respectively; vertical carbonation depths at crack locations (i.e. flexural cracks at the bottom and 
drying shrinkage cracks at the top) are indicated by red numbers and red straight lines with arrows at 
both ends; while horizontal carbonation are indicated by blue numbers and blue straight lines with 











Fig.3 Comparison of carbonation profiles of typical loaded beams of 055PC, 055FA and 055GGBS. 
Note: The measured carbonation profiles and visible crack are indicated by black lines and red lines, 
respectively; vertical carbonation depths at crack locations (i.e. flexural cracks at the bottom and 
drying shrinkage cracks at the top) are indicated by red numbers and red straight lines with arrows at 
both ends; while horizontal carbonation are indicated by blue numbers and blue straight lines with 







(a) Unloaded cubes 
 
(b) Loaded beams 
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Table 1 Details of RC beam specimens (stage two). 





of 10-mm bars 
in tensile zone 
(mm) 
Average clear 
concrete cover of 
stirrups  
Maximum width of 
flexural cracks 
(mm) Width Height Tensile zone 
Compression 
zone 
040PC01(2) 99.9 121.3 27.1 18.3 13.1 0.1 
040PC03(2) 99.6 120.5 28.8 19.0 12.1 1.0 
055PC01(2) 99.4 121.1 32.0 21.2 10.1 0.38 
055PC03(2) 99.1 120.4 29.7 20.2 11.4 0.42 
040FA03(2-2) 98.9 121.3 27.7 17.8 11.5 0.34 
055FA01(2) 99.2 120.3 29.0 19.2 10.3 0.36 
055FA03(2) 99.6 120.3 29.1 19.7 9.3 0.42 
040GGBS01(2) 99.4 120.0 28.6 18.2 11.0 0.3 
040GGBS03(2) 99.2 120.5 27.5 18.2 11.6 0.38 
040GGBS03(2-2) 99.4 121.4 28.7 18.5 11.6 0.4 
055GGBS01(2) 99.1 120.7 29.4 20.9 9.3 0.3 
055GGBS03(2) 98.7 120.0 29.7 19.6 9.9 0.32 
Note: beam test specimens were identified with concrete mix followed by two digits that define the 
maximum width of the initial flexural cracks and stage number (e.g. “040PC01(2)” is a PC concrete 








Average carbonation depth* 
(mm) 
Maximum carbonation depth 
(mm) 
Top Ave. Bottom Ave. Top Ave. Bottom Ave. 
040PC 
Cube 






0 0 0 
0 





0 0 0 
0 
0 0 0 0 0 
055PC 
Cube 
055PC (1) 27.5 
28.4 
21.8 






33.7 48.0 42.5 
64.8 





39.9 51.5 53.0 
97.5 
94.8 19.3 39.9 54.4 92.1 
040FA 
Cube 
040FA (1) 25.7 
25.2 
24.7 






Some zones are totally 
carbonated through whole beam 
height 31.8 43.7 
055FA 
Cube 
055FA (1) Totally carbonated 47.4 
Totally 
carbonated 46.7 - - 
055FA (2) 44.7 43.3 
Beams 
055FA01(2) Totally carbonated through whole beam height Totally carbonated through whole beam height 
055FA03(2) Totally carbonated through whole beam height Totally carbonated through whole beam height 
040GGBS 
Cube 
040 GGBS (1) 9.3 
10.3 
9.2 






21.0 28.7 29.6 
44.3 





24.4 29.4 30.0 
45.9 





21.6 29.3 29.4 
40.1 
39.8 18.8 21.5 29.4 39.5 
055GGBS 
Cube 







Some zones are totally 
carbonated through whole 






Most zones are totally 
carbonated through whole 
beam height 47.5 56.4 
* Over the 200-mm long central segment excluding the influence of visible flexural cracks  
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Table 3 Density, absorption and void content of the different concretes [34]. 
Concrete 
mix 
 Concrete cubes                                                                                                                                    Results 





















(%) (%) Mean 
040PC 
1 2378.6 2317.4 2440.7 1379.8 994.3 2392.2 2330.7 2454.7 5.3 12.4 
12.3 
2 2403.7 2343.1 2465.5 1396.6 1002.3 2398.2 2337.7 2459.8 5.2 12.2 
055PC 
1 2288.2 2231.3 2383.6 1322.9 994.1 2301.8 2244.5 2397.7 6.8 15.3 
15.2 
2 2301.2 2243.2 2393.5 1332.3 994.6 2313.7 2255.4 2406.5 6.7 15.1 
040FA 
1 2352.7 2299.2 2430.7 1355.2 1008.9 2331.9 2278.9 2409.3 5.7 13.0 
12.9 
2 2358.5 2308.5 2437.5 1362.6 1008.3 2339.1 2289.5 2417.4 5.6 12.8 
055FA 
1 2298.3 2246.1 2402.0 1330.4 1005.0 2286.9 2234.9 2390.0 6.9 15.5 
15.6 
2 2291.6 2238.2 2394.6 1325.2 1002.8 2285.2 2232.0 2387.9 7.0 15.6 
040GGBS 
1 2403.2 2336.8 2458.9 1385.4 1006.9 2386.7 2320.8 2442.0 5.2 12.1 
12.1 
2 2418.3 2351.9 2473.5 1393.2 1013.7 2385.6 2320.1 2440.1 5.2 12.0 
055GGBS 
1 2347.6 2284.1 2429.8 1355.7 1007.5 2330.1 2267.1 2411.7 6.4 14.5 
14.5 
2 2351.0 2281.8 2427.9 1353.5 1007.8 2332.8 2264.1 2409.1 6.4 14.5 









Table 4 Carbonation coefficients in unloaded and loaded (tension) concretes. 
Concrete mix 
Carbonation coefficient (mm/√day) 
Ratio Al/Au 
Unloaded, Au Loaded, Al 
040PC -* -* - 
055PC 1.45 2.13 1.47 
040FA 1.68 2.47 1.47 
055FA 2.57 3.90 1.52 
040GGBS 0.66 1.42 2.15 
055GGBS 1.19 2.95 2.48 





Table 5 Carbonation depths and concrete cover requirements (50-year design working life). 
Concrete mix 
Carbonation depth (mm) Required minimum cover thickness (mm) [9] 
Unloaded Loaded XC2/XC3 XC4 
040PC -* -* 
30 35 040FA 22.7 33.4 
040GGBS 9.0 19.2 
055PC 19.6 28.7 
35 40 055FA 34.7 52.7 
055GGBS 16.1 39.9 






Table 6 Carbonation depths and concrete cover requirements (100-year design working life). 
Concrete mix 
Carbonation depth (mm) Required minimum cover thickness (mm) [9] 
Unloaded Loaded XC2/XC3 XC4 
040PC -
* -* 
40 45 040FA 32.1 47.2 
040GGBS 12.6 27.1 
055PC 27.7 40.7 
45 50 055FA 49.1 74.5 
055GGBS 22.7 56.4 
* Insufficient experimental data to estimate this carbonation depth 
 
